Introduction {#sec1_1}
============

There are a variety of means of measurement of blood pressure (BP). The results and the threshold values are quite different \[[@B1]\]. The diagnosis and treatment of arterial hypertension is guided primarily by the well-known office, home and ambulatory BP measurements. However, the rate of control and consequently of target organ damage is relatively low in comparison to the variability of drugs available. On the other hand, it is still unclear what the precise role of central BP is in the treatment of arterial hypertension and in the prophylaxis of target organ damage \[[@B2], [@B3]\].

It is believed that central BP is the most precise type of BP measurement \[[@B4], [@B5], [@B6]\]. This leads to the hypothesis that central BP may have a better correlation with target organ damage. As so far as the variable drugs have a different impact on central BP \[[@B7], [@B8]\], this implies that they may have a differential impact on the prophylaxis of target organ damage. To this moment, there is only scarce information on the role of central BP for the brain hemodynamics in everyday practice.

Another factor is arterial aging. It is best assessed with the markers of elevated arterial stiffness such as elevated pulse wave velocity and central BP \[[@B9]\]. Arterial stiffness may be elevated above the threshold values for the given age in patients with an accumulation of cardiovascular risk factors \[[@B10], [@B11], [@B12], [@B13], [@B14]\].

Our previous results have confirmed the role of elevated pulse pressure for the development of mild cognitive impairment (MCI) \[[@B15]\]. Which of the available methods for BP measurement is the best with regard to target organ damage and especially brain damage as manifested by MCI is still unclear. In the present study, central BP was included. It is the most precise method for BP measurement. It is considered the pressure that actually affects target organs and thus it has the best predictive value for target organ damage. Its correlation with cognitive impairment is not fully studied. We consider it an important issue to compare its value as a risk factor for cognitive impairment to other hypertension variables that are risk factors for cognitive impairment.

The objective of this study was to compare the role of central BP, ambulatory BP monitoring (ABPM), home-measured BP (HMBP) and office BP measurements as risk markers for the development of MCI.

Methods {#sec1_2}
=======

This is an observational study with a minimal follow-up period of 6 months as required for cognitive impairment reassessment. Seventy hypertensive patients were included in the study only after signing a written consent for the participation in a scientific study (according to the Helsinki declaration for human research). The study was approved by the Medical Science Commission of Sofia Medical University, Bulgaria and its Ethics Committee with the contract numbers 18/2011 and 53/2011. All of the patients attended the cardiology clinic of a University Hospital.

Inclusion Criteria {#sec2_1}
------------------

The following inclusion criteria were considered: arterial hypertension with a history of at least 1 year; left ventricular ejection fraction above 35%; antihypertensive treatment; and regular self-measurement of brachial BP.

Exclusion Criteria {#sec2_2}
------------------

The following exclusion criteria were considered: acute coronary syndrome with or without ST elevation and indications for urgent coronary intervention; acute stroke; acute or chronic heart failure with ejection fraction less than 35%; acute kidney dysfunction or end-stage chronic kidney disease and chronic dialysis; coma, sopor or somnolence; taking antidepressants during the last 2 weeks; with impaired speech, vision, hearing; heavy head trauma; epilepsy; anemic syndrome; atrial fibrillation with suboptimal anticoagulation, verified with INR testing on enrollment; poorly controlled diabetes mellitus; hypo- or hyperglycemic coma; asthenic dynamic syndrome; alcoholism; diagnosed psychiatric disease; and diagnosed Alzheimer or other types of dementia.

Anamnesis and a comprehensive hypertensive history were gathered for every patient. All of them completed physical examination and basic laboratory testing.

Methods for BP Measurement {#sec2_3}
--------------------------

*Home-Measured BP.* Values were gathered after education of the patients how to measure their BP values properly and to keep a diary for 3--7 days \[[@B16], [@B17]\]. Target values were chosen in accordance with scientific recommendations \[[@B1]\].

*24-h Ambulatory BP Monitoring.* ABPM was conducted with TM2430 (Boso), validated according to the requirements of the European Society of Hypertension and the British Hypertension Society. It is an oscillometric sphygmomanometer. The measurement protocol was accepted as suitable if it consisted of at least 70% valid measurements, is distributed proportionally during the day and night and conducted with patients without limitations of their habitual daily activities, keeping their regular medication regimen and duration of the recording (24 h). The cuff was put on the nondominant hand and every patient received instructions how to behave so that the apparatus could make valid measurements. Measurement intervals were set at 15 min during the day and at 30 min during the night, with passive day and night period registration (7.00 a.m. to 10.00 p.m.). Dipping index and BP variability were automatically acquired.

*Central Aortic BP.* The central aortic BP was measured with Sphygmocor CvMS 9 (AtCor Medical) \[[@B18]\]. The same requirements as during standard BP measurement were followed, namely: resting for 10 min and refraining from smoking, eating and physical activity for 2 h. After brachial BP measurement, we applied an applanation tonometer at the radial artery. At least three valid measurements with an operator index above 90% were taken. The collected variables were: heart rate, ejection duration, peripheral systolic and diastolic BP, aortic systolic and diastolic BP, mean pressure (peripheral and aortic), pulse pressure (peripheral and aortic), time to 1st and 2nd peak and time to reflection, augmented pressure, pressure at 1st and at 2nd peak, augmentation index, subendocardial viability ratio (Buckberg index), mean pressure in systole and in diastole, and end-systolic pressure.

Neuropsychological Tests Used {#sec2_4}
-----------------------------

Neuropsychological tests were conducted in private, at least 1 h apart and after explanation of their characteristics.

*Mini Mental Sate Examination* \[[@B19]\]. This is the conventional neuropsychological test that is used in almost every study for dementia. It is a validated and proven method for the diagnosis of the advanced stages of cognitive impairment, but quite insensitive to the earliest phases. The cognitive domains tested with the Mini Mental State Examination (MMSE) are: orientation, registration, attention and calculation (serial 7-s or spelling backwards), recall, language and praxis (naming, repetition, 3-stage command, reading, writing, coping). The threshold for cognitive impairment is 24 points from a total of 30. The time given for completion of the test is 5--10 min.

*Montreal Cognitive Assessment* \[[@B20]\]. The low sensitivity of MMSE led us to the inclusion of another test which is more sensitive and specific for the earliest stages of cognitive impairment. The Montreal Cognitive Assessment (MoCA) is a 10-min compilation of neuropsychological tests aimed at evaluating frontal executive functioning and attention. The threshold for diagnosing cognitive impairment is 26 (out of a total of 30 points). Cognitive domains tested via MoCA are: attention, concentration, executive functioning, language, memory, visual-constructional skills, abstraction, delayed recall, and orientation.

*Geriatric Depression Scale* \[[@B21]\]. Depression often coexists with dementia, but its correlation with MCI is not defined. The test was used to study dementia patients and to explain whether it was correlated with earlier stages of cognitive impairment.

*4-Point Version of the Scale for Evaluating the Performance in Instrumental Activities of Daily Living* \[[@B22]\]. Impaired daily functioning is the art of dementia diagnosis. The test was used to better define patients with advanced cognitive impairment.

Statistical Methods {#sec2_5}
-------------------

SPSS 19 was used for the statistical analysis. Descriptive analysis, *t* test, and correlation analysis are performed depending on the particular question. A certified statistician from the National Statistical Institute of Bulgaria did the statistical analysis. The precise method which was chosen depended on whether means were compared or whether we studied the correlation. The standard for the medical statistics, i.e., the 95% confidence interval, was used.

Results {#sec1_3}
=======

This was a prospective study of 70 hypertensive patients: 18 (25.71%) were males and 52 (74.28%) females. The minimal follow-up period was 6 months as required for the proper reevaluation of cognitive impairment. The mean age was 64.97 ± 8.88 years. The mean hypertension history was 9.53 ± 6.63 years. The mean test results were as follows: 24.78 ± 3.57 points for the MoCA and 28.38 ± 1.55 points for the MMSE. Thirty-six (51.43%) of the patients had MCI as assessed with the more sensitive MoCA test. Their mean MoCA score was 22.14 ± 2.96 points and their mean MMSE score was 27.67 ± 1.51 points. None of the patients were impaired in their abilities of everyday activities. Two (2.86%) had depression, but no other signs of dementia. The mean results from the central BP measurement are shown in Table [1](#T1){ref-type="table"}.

The mean values for the HMBP of the studied group of patients were as follows: 139.14 ± 17.63 mm Hg for the systolic BP, 83.28 ± 11.09 mm Hg for the diastolic BP, and 55.28 ± 13.07 mm Hg for the pulse pressure. The mean office BP values were: 141.78 ± 19.38 mm Hg for the systolic BP, 84.71 ± 12.30 mm Hg for the diastolic BP, and 57.07 ± 11.91 mm Hg for the pulse pressure. The mean values for the ABPM are shown in Table [2](#T2){ref-type="table"}.

The group of patients without MCI had significantly lower values for most variables of ABPM (24-h systolic and pulse pressure, day systolic and pulse pressure, night systolic, diastolic and pulse pressure) than the corresponding patients with MCI.

Twenty-two (31.43%) of the studied group had only one cardiovascular risk factor: arterial hypertension. Twenty (28.57%) were smokers, 34 (48.57%) had dyslipidemia, 10 (14.28%) had diabetes mellitus, and 15 (21.43%) were obese. The total cardiovascular risk was assessed with SCORE system. 3.17% had low risk; 38.09% had intermediate; 20.63% had high; and 38.09 had a very high cardiovascular risk.

As far as target organ damage was concerned, 34 (48.57%) of the patients had concentric left ventricular hypertrophy. All of the patients were taking combination antihypertensive treatment (Fig. [1](#F1){ref-type="fig"}).

There was no significant difference in the mean neuropsychological results between males and females in this specific group of patients. We did not find any difference in MoCA and MMSE mean results that can be explained by specific groups of medications used.

Central BP and MCI {#sec2_6}
------------------

We used the *t* test to find if there was any significant difference in the mean central BP between the groups with and without MCI. We only found a significant difference in the values of the central pulse pressure. The group of patients with MCI had a mean central pulse pressure of 43.28 ± 15.42 mm Hg. The group of patients without MCI had a mean central pulse pressure of 34.91 ± 12.59 mm Hg. The level of significance was *p* = 0.016.

There were a few trials that were aimed at finding the precise normal value thresholds for the central BP parameters. The threshold that was used for central pulse pressure was 40 mm Hg. Patients with a central pulse pressure above 40 mm Hg had significantly lower results in the neuropsychological tests, both in the MoCA and MMSE, than the patients with a central pulse pressure below 40 mm Hg (Fig. [2](#F2){ref-type="fig"}).

The correlation analysis confirmed that central pulse pressure is a marker for MCI. We found a weak negative correlation between central pulse pressure and the results from the neuropsychological tests. For MoCA: *r* = −0.283 and *p* = 0.017; for MMSE: *r* = −0.241 and *p* = 0.044. The higher the central pulse pressure the lower the results from the tests and, consequently, the more advanced the cognitive impairment assessed both with the more sensitive test (MoCA) and the more specific test (MMSE). In this specific population of hypertensive patients with added cardiovascular risk, there was a tendency (*p* = 0.099) for central systolic BP above 120 mm Hg to be correlated with lower results in the neuropsychological tests (23.63 ± 2.89 vs. 25.21 ± 3.73 for MoCA).

The correlation analysis also showed a significant correlation between the ABPM measurements and the results from the neuropsychological tests. The results were significant for the 24-h, day and night systolic and pulse pressure. The correlation found was intermediate in strength and negative -- the higher the ABPM systolic and pulse pressure during the 24-h period, day or night, the lower the results from the MoCA and MMSE. The corresponding level of significance and correlation coefficients are given in Table [3](#T3){ref-type="table"}. The correlation analysis did not reach statistical significance when exploring the association between ABPM diastolic BP and the neuropsychological tests in this specific group of patients.

HMBP and MCI {#sec2_7}
------------

The correlation between HMBP and the results from the neuropsychological tests was low in strength: *r* = −0.239 (*p* = 0.046) for MoCA and −0.271 (*p* = 0.023) for MMSE for the systolic BP. The results for the home-measured pulse pressure reached statistical significance only for MMSE (*r* = −0.248, *p* = 0.038).

Office BP and MCI {#sec2_8}
-----------------

We did not find any significant correlation between office measurement of BP and neuropsychological results.

Discussion {#sec1_4}
==========

As central BP is studied more and more as a better predictor for cardiovascular risk than the brachial BP, it was interesting to see if there is a correlation between this and one of the clinical manifestations of target organ damage -- mainly MCI. We used a combination of two neuropsychological tests: one more sensitive -- MoCA, that accounts for education and checks a variety of cognitive functions, and one more specific -- MMSE. In our pilot study, we demonstrated that central elevated central systolic and pulse pressure were correlated with MCI. The higher the values of the central BP, the lower the results from the neuropsychological tests. The correlation between the ABPM and MCI was in the same direction, but stronger. That might be explained by the fact that we had 24-h brachial monitoring, but the central BP measurement was a mean of several measurements at a single visit. We used Sphygmocore as a gold standard, but its protocol is not for 24 h \[[@B23]\].

The correlation between office BP and MCI did not reach statistical significance. That can be explained by the fact that although conducted several times, office BP is again an incidental measurement. This underlines the importance of continuous BP monitoring, which can help in the assessment of the variability and the circadian rhythm. Our group conducted a larger study with 931 patients that proved a correlation between office BP and MCI. In this larger group of patients, we did not find any significant difference in MCI between males and females. That is why our current study was conducted without adjustment for sex. There were no extremes in the BMI and no adjustment was necessary either. Maybe in a larger group of patients, the results will reach statistical significance for the central BP as well.

Reverse causation is a possible explanation that could be discussed. It is possible that individuals with MCI forget to take their medication on a regular basis, thus resulting in higher or less stable BP.

Potentially confounding factors may be age, sex, education, BMI, and treatment. The educational status was incorporated in the MoCA and thus eliminated as a factor. Also many studies with MMSE are conducted without using different thresholds for patients with different education. The potential lack of difference in the neuropsychological test results can be explained by the fact that the group is relatively small and for such a clear definition between sexes a large population-based study is needed.

For the damage of the target organs, it is difficult to set certain thresholds. This is even more difficult in patients with multiple cardiovascular risk factors, in whom an accumulation of adverse effects is expected. It is probably better to talk about a continuum of correlation than about thresholds. This is still not defined in the scientific literature. The threshold of 40 mm Hg for the central pulse pressure was chosen as a recommendation for central BP measurements on the basis of what is currently known and on the basis of the available trials for a validation of the apparatuses in the general population. There is a lot of work in the field before we can clearly state thresholds. Still, as with office and with ABPM, this is an "orientation point."

Central systolic and pulse pressure, although indirect, are still markers of arterial stiffness \[[@B24]\]. The correlation between central systolic and pulse pressure and MCI can be explained by the fact that a flow with higher pulsatility than normal reaches the microcirculation \[[@B25]\]. If long-standing, this process may exhaust the compensatory mechanisms of the microcirculation and compromise its functioning. One of the clinical manifestations of this is MCI.

Our results are in concert with the works of Dias et al. \[[@B26]\]. They found a significant correlation between central aortic systolic pressure and intima-media thickness, and between cognitive impairment and central aortic systolic pressure. The neuropsychological test they used was the MMSE and the two compared groups were on the two sides of the MMSE threshold value.

One potential explanation for the lack of a significant correlation between neuropsychological test results and specific antihypertensive medications is that besides their BP-lowering effects, the various medications have different penetration through the blood-brain barrier. This may potentially lead to differential effects of cognitive functioning. Another explanation is the fact that all of the patients were on combination therapy and it is difficult to define any specific medication effect on cognitive functioning.

Central BP is an important risk marker for MCI. It can be easily assessed in the everyday practice and used as a screening tool for suboptimal control and target organ damage (MCI). There is a correlation between brachial pulse pressure and MCI. Central aortic pressure may be a better predictor for target organ damage and may define more precisely the risk for cognitive impairment than the home-measured and office brachial pressure. Central pulse pressure is correlated with cognitive impairment in hypertensive patients: the higher the central pulse pressure, the more impaired cognitive functioning. Central pulse pressure may become a new treatment target in hypertensive patients with clinically manifested target organ damage.

However, the limitation of the study is that the study population consists of only 70 patients. The future directions are as follows: to enlarge the study population and to define specific central aortic pressure values that raise the risk for cognitive impairment in the everyday patient (with concomitant cardiovascular risk factors) and to define the specific influence of every central BP parameter on cognitive functioning.
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###### 

Mean results from the central blood pressure measurement

  Variable                                 The whole studied population   With MCI          Without MCI
  ---------------------------------------- ------------------------------ ----------------- -----------------
  Central systolic blood pressure, mm Hg   110.17±21.15                   112.94±24.31      107.23±17.07
  Central diastolic pressure, mm Hg        72.13±8.11                     72.32±8.71        72.32±8.71
  Central pulse pressure, mm Hg            39.21±14.63                    43.27±15.42       34.91±12.59
  Augmentation pressure, mm Hg             12.45±5.01                     13.17±8.20        12.78±4.99
  Augmentation index, %                    25.55±11.04                    23.92±12.69       26.22±7.59
  Ejection duration, ms                    287.6±27.10                    292.97±7.86       281.91±25.44
  Buckberg index, %                        179.51±36.28                   176.39±33.58      182.82±39.17
  Mean pressure in systole, mm Hg          99.47±13.79                    102.42±13.16      96.56±14.20
  End-systolic pressure, mm Hg             103.28±15.30                   106.11±14.3       100.29±15.97
  Pressure time index systole              1,921.03±401.86                1,946.61±334.53   1,893.94±466.36
  Pressure time index diastole             3,367.31±475.90                3,415.78±421.92   3,316±528.66

MCI, mild cognitive impairment.

###### 

Mean values for the ABPM

  Period       Pressure    For all studied, mm Hg   With MCI, mm Hg   Without MCI, mm Hg   *p*
  ------------ ----------- ------------------------ ----------------- -------------------- -------
  24-h ABPM    systolic    132.10±16.95             137.97±17.80      126.87±14.59         0.018
               diastolic   76.30±8.75               77.95±7.57        74.84±9.59           0.20
               pulse       55.79±11.32              60.02±12.40       52.04±8.90           0.01
                                                                                           
  Day ABPM     systolic    133.75±17.98             137.98±21.00      129.97±14.10         0.029
               diastolic   77.95±8.98               78.94±8.31        77.08±9.60           0.419
               pulse       56.78±11.15              61.14±12.04       52.88±8.80           0.006
                                                                                           
  Night ABPM   systolic    123.29±19.3              129.29±20.05      117.93±17.23         0.031
               diastolic   70.07±7.52               73.05±8.69        67.42±10.44          0.039
               pulse       53.59±12.13              57.03±13.56       50.51±9.97           0.050

ABPM, ambulatory blood pressure monitoring; MCI, mild cognitive impairment.

###### 

Correlation between ABPM ant the results from MoCA and MMSE with the corresponding correlation coefficients and level of significance

  ABPM variable   MoCA      *p*     MMSE     *p*
  --------------- --------- ------- -------- -------
  24-h SBP        --0.323   0.021   −0.368   0.008
  24-h PP         −10.356   0.01    −0.454   0.001
  Day SBP         −0.520    0.023   −0.490   0.033
  Day PP          −0.374    0.006   −0.437   0.001
  Night SBP       −0.281    0.042   −0.410   0.002
  Night PP        −0.257    0.063   −0.435   0.001

ABPM, ambulatory blood pressure monitoring; MoCA, Montreal Cognitive Assessment; MMSE, Mini Mental State Examination; SBP, systolic blood pressure; PP, pulse pressure.
